ABSTRACT: The AEgIS experiment is an interdisciplinary collaboration between atomic, plasma and particle physicists, with the scientific goal of performing the first precision measurement of the Earth's gravitational acceleration on antimatter. The principle of the experiment is as follows: cold antihydrogen atoms are synthesized in a Penning-Malmberg trap and are Stark accelerated towards a moiré deflectometer, the classical counterpart of an atom interferometer, and annihilate on a position sensitive detector. Crucial to the success of the experiment is an antihydrogen detector that will be used to demonstrate the production of antihydrogen and also to measure the temperature of the anti-atoms and the creation of a beam. The operating requirements for the detector are very challenging: it must operate at close to 4 K inside a 1 T solenoid magnetic field and identify the annihilation of the antihydrogen atoms that are produced during the 1 µs period of antihydrogen production. Our solution -called the FACT detector -is based on a novel multi-layer scintillating fiber tracker with SiPM readout and off the shelf FPGA based readout system. This talk will present the design of the FACT detector and detail the operation of the detector in the context of the AEgIS experiment.
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The AEgIS experiment aims to measure the gravitational free-fall of the antihydrogen atom in order to test Einstein's principle of weak equivalence between inertial and gravitational mass with a system composed entirely of antiparticles [1, 2] . The aim is to measure the gravitational acceleration (gbar) on the antihydrogen atoms with an initial 1% accuracy by measuring the deflection and time of flight of the atoms as they traverse a moire deflectometer. This requires the production of a pulsed beam of antihydrogen atoms, the synthesis of which is a considerable challenge and the current focus of research. The scheme to produce the pulsed antihydrogen beam is illustrated in figure 1 . Antiprotons from CERN's antiproton decelerator are loaded into a Penning-Malmberg trap and cooled to 100 mK. Positronium is produced in a nanoporous silicon target by implanting a bunch of 10 8 positrons. The longer lived ortho-positronium diffuses out of the target and is excited by lasers to Rydberg levels. The Rydberg positronium enters the Penning-Malmberg trap by means of a semi-transparent Penning trap electrode, where it then overlaps the cloud of antiprotons and forms Rydberg antihydrogen by means of a charge exchange reaction between the Rydberg positronium and cold antiprotons. Since the antihydrogen is neutral it is not confined in the Penning-Malmberg trap and will spread out isotropically. However, in order to use as much of the antihydrogen formed for the gravity measurement as possible, an electric field gradient is applied to accelerate the Rydberg antihydrogen atoms (which have a strong electric dipole moment) in the direction of the moire deflectometer. Further details of the AEgIS experiment can be found in references [3] [4] [5] [6] .
-1 - 2 Antihydrogen detection
Direct detection of antihydrogen production
Detection of antihydrogen production is a crucial requirement for the AEgIS experiment. In the absence of any time varying electric fields, the antihydrogen formed in the Penning-Malmberg trap will drift isotropically and typically annihilate on the inner surface of a trap electrode. The constituent antiproton annihilates into 2-3 150 MeV/c charged pions and the positron annihilates into two collinear 511 keV photons. The first direct detection of antihydrogen production was performed by the ATHENA collaboration who used the annihilation of the antiproton and positron to identify antihydrogen production [7] . The ATHENA antihydrogen detector consisted of a two layer silicon strip tracking detector and CsI crystals, which surrounded the Penning-Malmberg traps in which the antihydrogen was produced. The pions tracks were reconstructed with the silicon strip detector and extrapolated back to identify the antiproton annihilation vertex, while the CsI crystals were used to identify the 511 keV photons. For each reconstructed antiproton vertex an angle (θ γγ ) was calculated for two lines connecting the vertex and hit CsI crystals. The production of antihydrogen was identified by events for which cos(θ γγ )=-1. A similar technique was also used more recently by the ALPHA collaboration to detect the production and trapping of antihydrogen atoms. However, unlike the ATHENA detector, the ALPHA antihydrogen detector only identifies the location and time of the constituent antiproton annihilation and used the spatial distribution of these vertices to distinguish between antihydrogen and bare antiproton annihilations [8] .
Antihydrogen detection requirements for AEgIS
The antihydrogen detector is required to measure the production of antihydrogen atoms, but also the temperature of the atoms produced and identify the formation of a beam. The operating environment is extremely challenging: the detector must operate at close to 4 K inside a cylindrical vacuum vessel which is co-axial to the Penning-Malmberg trap with an inner radius of 68 mm and an outer radius of 103 mm, inside a 1 T solenoid magnetic field and produce not more than 10 W of heat. Since antihydrogen is produced in a pulse the detector must be fast enough to identify each -2 - of the 100 or so antihydrogen atoms that are produced. The expected drift time of antihydrogen atoms from production to annihilation on the trap electrode wall is shown in figure 2 for different antihydrogen temperatures. For antihydrogen produced with a mean temperature of 10 K, 50 % of annihilations occur less than 500 ns after the previous annihilation.
The Fast Annihilation Cryogenic Tracking (FACT) detector

Detector design
In light of these requirements an antihydrogen detector has been developed for AEgIS based on scintillating plastic fiber and silicon photomultiplier technologies. An illustration of the Fast Annihilation Cryogenic Tracking (FACT) detector is shown in figure 3 . Kuraray SCSF-78M multi-clad scintillating fibers of 1 mm diameter [9] are arranged in loops aligned orthogonally to the beam axis and operate at close to 4 K. There are two layers of scintillating fibers, each composed of two superimposed rows, at radial distances of 70 mm and 98 mm from the beam axis. Each layer consists of 400 scintillating fibers separated by 0.6 mm, with alternate fibers displaced radially by 0.8 mm in order to eliminate any gaps in the detector's solid angle. Each scintillating fiber is mechanically coupled to a clear fiber, which transports scintillation light to a Hamamatsu MultiPixel-Photon-Counters (MPPC) [10] located at room temperature approximately 2 m downstream of the detector. Readout and bias of the MPPCs is provided by electronics that is mounted outside of the vacuum via an electrical feedthrough. The design allows for reconstruction of the axial and radial position and time of each annihilation vertex, knowledge of which is sufficient to demonstrate antihydrogen production and beam formation. The antihydrogen temperature is measured by means of the time-of-flight and flight distance. From simulations an axial annihilation vertex resolution of σ = 2.1 mm is expected, which meets the AEgIS requirements.
Construction of the scintillating fiber tracker
Each of the two scintillating fiber layers are mounted on a 240 mm long cylindrical support structure made from 7075 aluminum. Each fiber on the bottom row of each layer is mechanically located -3 - in U shaped grooves that are machined into the support structure with a CNC milling machine to a precision of 10 µm. On each layer the top row of fibers are located in the gap between neighboring fibers on the bottom row. A key component of the design is the coupling between the scintillating and clear fibers, which requires a high transmission efficiency and reliability at low temperatures. The coupling between the fibers on each layer is mechanical and consists of a pair of 7075 aluminum alloy plates in which 1.05 mm holes are drilled to hold the fibers. The fibers are glued into the plate with a low viscosity epoxy (Stycast 2850-FT) and then polished with a diamond tool to a planarity of better than 10 µm. Guide pins along the length of the connector ensure the alignment of the scintillating and clear fibers. The production of the connector is shown in figure 4 . After polishing the two scintillating fiber connectors are attached to the cylindrical support structures of each layer and the scintillating fibers are held in place by stainless steel rods that extend across the length of the support. Issues of thermal contraction are an important consideration -4 - in the design. To prevent strain on the fibers as they contract, the mechanical connector is the only point where the fibers are fixed to the support. The stainless steel rods constrain the radial distance of the fibers, but allow the fibers to slide around the support structure. The clear fibers are routed from the connector towards the readout electronics located 2 m downstream of the detector.
Readout electronics
The readout electronics is designed to detect the light from each scintillating fiber continuously for the 100 ms time window in which antihydrogen atoms are expected to annihilate. Each of the 800 scintillating fibers is connected, via a clear fiber, to a Hamamatsu 10362-11-100C MPPC with a photosensitive area of 1x1 mm 2 . Each MPPC is placed in a two part plastic connector that is used to couple the MPPC to the clear fiber [11] . Groups of 48 MPPCs are soldered onto a PCB holder which connects to one of two 50-pin DSub vacuum feedthroughs that are mounted on a ISO-K 160 flange. An assembled MPPC PCB and vacuum feedthrough is shown in figure 6 . Each clear fiber is glued into the other part of the 2-part plastic connector with epoxy (Stycast 2850-FT) and polished with a diamond tool. The fibers are each labeled with a system of colored glass beads that are attached to the clear fibers prior to gluing.
-5 - Figure 8 . Left: temperature dependence of cosmic trigger rate in scintillating fiber. Right: photoelectron spectra of a FACT scintillating fiber on the top row of the outer layer exposed to a Sr-90 beta source. The fibers immediately beneath this fiber on the bottom row are used to form the trigger. The first four photoelectron peaks correspond to dark counts, which are recorded when the electron passes through one of the bottom row fibers without passing through the top row fiber.
The MPPC signal is connected to a fixed gain linear amplifier which produces a pulse with an amplitude of 10 mV for each photoelectron and a duration of 10 ns. The amplified signal is connected to a fast discriminator with a TTL output that can be read directly by an FPGA. A dual channel potentiometer is used to adjust the comparator threshold and bias voltage for each MPPC channel. The TTL output of 48 comparators is connected to a Xilinx Spartan-6 SP605 FPGA, which samples the output at 200MHz for the duration of the antihydrogen production period. The FPGA is also used to program the registers of the dual channel potentiometers. A schematic of the readout architecture is shown in 7.
Results
Tests of scintillating fibers at cryogenic temperatures with cosmic rays
Tests have been performed to study the light yield and lifetime of scintillating fibers at cryogenic temperatures. The setup consists of 3 layers of 1 mm diameter Kuraray scintillating fibers ar--6 -ranged in loops at the bottom of a liquid helium cryostat. The light from each of the scintillating fibers is detected by 3 Hamamatsu MPPCs (S10362-11-100C), the output of which is amplified and digitized by a LeCroy Wavepro 7100 10 GS/s oscilloscope. The scintillating performance is measured by the response of the scintillating fibers to the passage of cosmic rays. The oscilloscope is triggered whenever the signal of two of the three fibers exceeds 4 photoelectrons and an event is defined when a signal is observed in the third fiber, corresponding to the passage of a cosmic ray through all 3 scintillating fiber layers. The cryostat is completely filled with liquid helium which immerses the fibers for 4 hours. The rate of events is measured during the cool down, at 4 K and during the warm up back to ambient temperature. The rate of events as a function of temperature is shown in figure 8 and reveals no meaningful decrease in the light yield of the scintillating fibers at cryogenic temperatures. Examination of the fibers under a microscope after a number of thermal cycles to 4 K does not reveal any sign of mechanical damage to the fibers.
Tests of the FACT detector with a Sr-90 beta source
Before insertion into the AEgIS apparatus the assembled FACT detector and readout electronics were tested with a collimated 2.5 MBq Sr-90 beta source (0.546 MeV, 2.28 MeV). The source was directed at a fiber on the top row of the outer layer and a trigger formed from the amplified analogue output of the MPPCs connected to the fibers immediately beneath the target fiber on the bottom row of the outer layer. The resulting photoelectron spectra of the target fiber is shown in figure 8 . It is geometrically possible for the electrons to pass through one of the bottom row fibers without passing through the top row fiber and this leads to the dominant first four photoelectron peaks. However, a clear signal from the beta source is evident, which provides confidence that the light transmission chain for the target fiber is reasonable.
UV light injector
It is impractical to test all fiber channels with the Sr-90 source since it is very time consuming and the electrons are absorbed before reaching the fibers of the inner layer. Furthermore, tests with a radioactive source are impractical once the FACT detector is installed inside AEgIS. However, it is important to be able to monitor the performance of the scintillating fibers and the light transmission chain once the detector is installed. Consequently a method has been developed for FACT that uses UV light to stimulate the scintillating fibers. The systems consists of a Thorlabs 700 mA 365 nm UV LED the light of which is injected into two clear quartz fibers which are fixed along the length of the inner and outer layers of the scintillating fiber tracker. Ultra fine sandpaper is used to remove the outer cladding along the length of the fiber that is directly above the scintillating fibers. The power of the LED is adjusted to reproduce the spectra obtained with the Sr-90 source. The system has been implemented and used to verify the operation of the scintillating fibers at cryogenic temperatures.
Conclusion
The detection of antihydrogen production is a crucial requirement for the AEgIS experiment. A scintillating fiber tracker with silicon photomultiplier readout has been developed to operate at cryogenic temperatures. A readout system has been developed that provides bias and comparator -7 -
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threshold control for each channel and uses off-the-shelf FPGA evaluation boards for the digital electronics. The detector has been installed in the AEgIS apparatus and tested with a UV light injection system. Commissioning with antiprotons will take place during the autumn 2014 antiproton run at CERN.
